Quantitative deuterium nuclear magnetic resonance spectroscopy (NMR) has been used in conjunction with stable carbon isotope ratio analysis/mass spectrometry to refine the detection of sugars that have been added to monofloral honeys. The 13 C content of sugars indicates the type of photosynthetic metabolism of the plant that synthesized them; the deuterium content is more characteristic of secondary metabolism and of environmental factors. Consequently, determination of the 13 C content of honeys and of proteins extracted from the honeys can be used to detect the addition of C 4 plant sugars (cane or corn), but it does not reveal the addition of C 3 plant sugars such as beet sugar. Deuterium NMR gives useful information for some monofloral honeys. NMR measurement is performed on ethanol obtained from fermentation of the honey and extracted by distillation. The isotopic composition of the ethanol indicates the nature of the sugars from which it was derived. Various types of monofloral honeys were studied, and the results obtained with commercially available honeys demonstrate the usefulness of isotopic analysis and the need to compile a database of authentic honeys to validate or affirm certain results.
C content of sugars indicates the type of photosynthetic metabolism of the plant that synthesized them; the deuterium content is more characteristic of secondary metabolism and of environmental factors. Consequently, determination of the 13 C content of honeys and of proteins extracted from the honeys can be used to detect the addition of C 4 plant sugars (cane or corn), but it does not reveal the addition of C 3 plant sugars such as beet sugar. Deuterium NMR gives useful information for some monofloral honeys. NMR measurement is performed on ethanol obtained from fermentation of the honey and extracted by distillation. The isotopic composition of the ethanol indicates the nature of the sugars from which it was derived. Various types of monofloral honeys were studied, and the results obtained with commercially available honeys demonstrate the usefulness of isotopic analysis and the need to compile a database of authentic honeys to validate or affirm certain results.
A nalysis of honeys by stable carbon isotope ratio analysis/mass spectrometry (SCIRA/MS) has been used for several years to detect the addition of C 4 plant sugars (cane or corn; [1] [2] [3] [4] . Measurement of the 13 C/ 12 C ratio of the proteins contained in the honey has made it possible to refine this method because-when considered as an internal reference-the proteins show the isotopic composition of the honey before the addition of sugars (5-7).
However, because this technique is only able to reveal the addition of C 4 plant sugars, we have used it in conjunction with deuterium nuclear magnetic resonance spectroscopy (deuterium NMR) to examine the possibility of detecting honey adulterated by sugars from C 3 plants (beet).
Site-specific natural isotopic fractionation/nuclear magnetic resonance spectroscopy (SNIF/NMR, a trademark of EUROFINS Laboratories) has been used for 10 years to detect the addition of sugars in wine and in grape must (8, 9) and, more recently, to reveal the addition of exogenous sugars to fruit juices (10, 11) . In these cases, the isotopic ratios are determined from ethanol resulting from wine or juice fermentation. Some food products and essential oils were also analyzed by this technique (12) (13) (14) (15) .
With this technique, we studied different types of monofloral honeys, attempting to characterize them in terms of their site-specific isotopic ratios obtained by deuterium NMR. The application of this technique to honey is already the subject of part of a thesis (16) In parallel with the measurements from the ethanol resulting from honey fermentation, we also performed SCIRA/MS analysis of the sugars and proteins extracted from the honey.
Experimental

Preparation of Samples
We determined, on one hand, the 13 C/ 12 C ratios for the honey itself, for the proteins contained in the honey, and for the ethanol resulting from the sugar fermentation; we determined, on the other hand, the (D/H) I ratios for the various isotopomers of ethanol. C ratio for the honey was measured by SCIRA/MS without any preparation of the honey (per AOAC Method 978.17; 17) , and that for the proteins, after extraction (per AOAC Method 991.41; 17) .
To obtain complete fermentation over 10 days, the honey was diluted with water of a known isotopic ratio, so as to obtain a substance with a Brix degree between 10 and 11. The medium was seeded with yeasts of the Saccharomyces cerevisiae type and enriched with a solution of Bacto Yeast Nitrogen Base (DIFCO). The alcohol was extracted quantitatively from the solution by distillation on a Cadiot column with spinning band, and it was analyzed by deuterium NMR in accordance with the method described for wines in the corresponding regulation of the European Union (18 (20, 21) .
Referring the peak areas of signals I and II to the peak area of tetramethylurea (TMU), for which the deuterium content is known and used as a working standard, makes it possible to calculate the site-specific isotopic ratios. However, because for ethanol the mid-height line widths were equal for the signals considered, the heights and not the areas were taken into account. It should be noted that the isotopic ratio values given in this work are the mean values obtained from 10 spectra, and that they are not SMOW-normalized (SMOW is the international standard). These values are, in fact, influenced by the (D/H) value for the water in the fermentation medium (22) . However, because all of the samples were diluted with the same water (Montpellier Tap Water) of known isotopic content, we have not corrected the raw values obtained (23) .
The NMR spectra were recorded with a Bruker instrument of the AM 400 type with a 9.4 tesla cryomagnet, a special deuterium probe, a proton decoupling channel, and a field-frequency stabilization channel at the frequency of fluorine. Measurements were made after 200 accumulations under conditions of 90°pulse and an acquisition time of 6.8 s for a spectral width of 1200 Hz.
SCIRA/MS Analysis
The isotopic ratio ( 13 C/ 12 C) for each organic compound was based on measurements of carbon dioxide released after combustion of the substance, and it was calculated on the delta-per-thousand scale in relation to an international standard (PDB = Pee Dee Belemnite):
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The mass spectrometer was a VG SIRA II unit, linked to a Carlo Erba NA 1500 element analyzer. The spectrometer was equipped with a dual gas inlet system: one specific to the reference gas, and the other reserved for introduction of the sample gas.
For analysis of honey, the absolute value of the * 13 C ratio, and, above all, the difference between the * 
Results and Discussion
Description of Samples
In this study, we analyzed commercially available honeys taken from different locations: retailers' shops, conditioning factories, and producers.
In the first part of the study, we obtained results for commercial acacia honeys from different geographical origins: France (39 samples), China (11 samples), and Hungary (19 samples).
Some French commercial acacia honeys did not show any addition of C 4 plant sugar; only those samples were kept for the second part of the study (38 samples). All the other monofloral commercial honeys came from France. Some samples analyzed in the second part of the study were authentic: 5 acacia honeys, 2 citrus honeys, 7 sunflower honeys, 14 lavender honeys, 10 white heather honeys, 2 fir honeys, and 3 lime honeys. Only the ethanol isotopic parameters generated by the sugar fermentation were measured for all these samples. Pollen analyses of all samples were conducted to verify botanical type.
Results for Acacia Honeys of Different Origins
The published studies on acacia honeys from different countries, including Spain, Germany, Italy, United States, Mexico, and China, demonstrate the usefulness of measuring proteins (6) .
The results of our SCIRA/MS analyses confirm the results of the previous studies, showing an important difference between the * For these Chinese honeys, the average value of the isotopic ratio (D/H) I is 100.3 ppm, versus 97.9 ppm for the acacia honey samples with contents unaltered by C 4 plant sugar (Figure 1) . Furthermore, we found specific isotopic ratios (D/H) I very low (92.6 ppm) for Hungarian honeys in particular, indicating the likely addition of C 3 plant sugar (16) .
The results obtained with NMR are interesting from 2 points of view. They provide confirmation of the addition of C 4 plant sugars when this is detected, by comparison of the δ Obtaining authentic honeys would make it possible to refine the detection and quantitation of adulteration by exogenous honeys.
Study and Comparison of Various Monofloral Honeys
In the second part of our study, we investigated and compared various different monofloral honeys from France: acacia (43 samples), white heather (11 samples), citrus (12 samples), lavender (29 samples), fir (22 samples), lime (8 samples), and sunflower (23 samples). We measured the same isotopic parameters as before, using the same experimental protocols. The univariate statistics (24) obtained for all the parameters and the different types of honey are shown in Table 1 .
It should be noted that there is a difference between the ethanol and honey δ 13 C values. This is the result of the isotopic fractionation associated with CO 2 production during fermentation. A scatterplot representing the individual samples is shown in Figure 2 . As shown in Table 1 To confirm and reinforce distinctions between the types, we performed a canonical discriminant analysis (CDA; 24, 25) . This technique is the most suitable multivariate analysis to achieve the best discrimination of the products. It looks like a principal component analysis (PCA), using a specific distance dedicated to group separation. The tables and plots produced by CDA and the ways of interpreting them are quite similar to those in PCA. Moreover, CDA is also a multivariate analysis of variance that allows statistical decision. The analysis was performed with Statlab software (Optima, Merignac, France) by using the values of 4 variables, (D/H) I and δ
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C of the ethanol, honey, and proteins (DH1, CET, CHO, and CPR, respectively). We also performed a CDA, taking into account not only the initial variables but also the following calculated variables: DHE = difference between the δ 13 C value measured for the honey and that measured for ethanol; DHP = difference between the δ 13 C value measured for the honey and that measured for proteins; and C 4 = percentage of exogenous sugars calculated in accordance with AOAC Method 991.41.
The graphic representation of individual samples in the 2 analyses is practically identical, except that the percentage of well-ranked individuals in the second analysis is greater.
For these analyses, we eliminated the white heather honey, the only representative of this floral type. Analyses of variances for each of the criteria confirmed the existence of significant differences (Table 2 ). In Table 2 , the F (5/98) column represents the Fisher test values corresponding to the comparison of the 6 products, using 104 samples (38 acacia, 10 citrus, 16 lavender, 19 fir, 5 lime, and 16 sunflower).
With the above-cited parameters, 2 discriminant functions explain 96.3% of the total variance ( Table 3 ). The loadings for each function are given in Table 4 .
We observed that the C 4 variable is not superimposed on the variable representing the difference between the honey and the proteins, thus demonstrating the incidence of absolute measurement values (Figure 4) .
Although certain types of honey are clearly distinguished, and interesting differences can be seen between certain types ( Figure 5 ), our results show that the isotopic ratio values are in the same range or overlap due to natural variability. Because the isotopic analyses do not allow characterization of all the types, quantitative melitopalynological analysis is re- quired to authenticate the geographical and botanical origins of the honeys (26) . Furthermore, we examined the correlation between the δ 13 C variables for honey and for proteins, type by type, without losing sight of the fact that we analyzed commercially available samples that may have been adulterated even though they were declared pure according to the criteria defined in AOAC Method 991.41.
Although there is good correlation between these 2 variables for the acacia and lavender honeys, this is not the case for citrus honeys and even less so for fir honeys (Figure 6 ).
Further study with authentic samples of these types of honeys is necessary to confirm the initial results.
Conclusions
For honeys for which the floral type has been determined, added exogenous sugars can be detected by measurement of the stable carbon isotope ratios by SCIRA/MS and of site-specific (D/H) I ratios by deuterium NMR of the ethanol resulting from sugar fermentation. For certain types of monofloral honey, deuterium NMR can provide solutions in the search for adulteration by C 3 plant sugars. However, certain methods of determination such as microscopic examination, analysis of sugars, especially minor sugars and their ratios, analysis of proteins, and certain indexes such as content of hydroxymethylfurfural or viscosity must not be neglected. The combined use of different techniques and a multicriteria interpretation will improve available knowledge of the product and will, no doubt, improve understanding of the problems of adulteration and honey quality.
Our results were obtained from commercial honeys. Because the isotopic parameters are dependent not only on botanical origin but also on the presence of exogenous sugars, there is a need for a database of authentic honeys, in order to determine the natural range of variations in isotopic parameters for different types of monofloral honeys and thus to refine the detection of added sugars. Compilation of such a database, including the determination of various analytical criteria, is in progress within the framework of a European Union project involving beekeepers and several public research and monitoring organizations.
